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Recent evidence suggests that the attachment (HN) and fusion (F) glycoproteins of Newcastle disease virus interact at the cell
surface in a virus-specific manner to promote syncytium formation. Consistent with the existence of such an interaction, we have
shown that it is possible to coimmunoprecipitate (co-IP) the two proteins from the surface of transiently expressing cells using a
monoclonal antibody to either protein. Further, we show that a point mutation in the globular domain of HN that abolishes its
receptor recognition and neuraminidase (NA) and fusion activities also abolishes its ability to interact with F in the co-IP assay. The
mechanism by which this mutation might interfere with the interaction between the two proteins is discussed in terms of the
postulate that recognition by HN of cellular receptors triggers its interaction with F and the apparently conflicting evidence for an
interaction between the two proteins in the endoplasmic reticulum. Also, characterization of a set of chimeric HN proteins, having
short overlapping sequences from a heterologous HN protein in the F-specific domain in the protein stalk, reveals that a weakened
interaction between HN and F is still sufficient to trigger fusion. © 1999 Academic Press
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The influenza virus hemagglutinin (HA) mediates both
he recognition of cellular receptors and, after a low
H-induced conformational change, fusion with the tar-
et cell membrane (Wiley and Skehel, 1987). Thus it has
ong been recognized that expression of HA is sufficient
or the induction of this important cytopathic effect (White
t al., 1982).
Paramyxovirus-infected cellular monolayers are also
haracterized by the presence of multinucleate syncytia
Choppin and Scheid, 1980). However, with the notable
xception of simian virus 5 (Horvath et al., 1992; Ito et al.,
997; Paterson et al., 1985), the promotion of fusion by
his group of viruses requires the cooperative efforts of
wo separate viral glycoprotein spike structures: the
emagglutinin–neuraminidase (HN) and fusion (F) pro-
eins (reviewed in Lamb, 1993).
Although the actual penetration of the target cell mem-
rane is promoted by the F protein spike (Scheid and
hoppin, 1973, 1974), the recognition of receptors on the
ell surface by HN is required for fusion (Hsu et al., 1979;
cheid and Choppin, 1974). The HN spike is a homotet-
amer composed of a membrane-proximal “stalk,” sup-
1 Present address: Molecular and Cellular Virology, Animal Health
iological Discovery, Central Research Division, Pfizer Inc., Groton, CT
6340.
2 To whom reprint requests should be addressed at 55 Lake Avenue
Torth. Fax: (508) 856-5920. E-mail: Ronald.Iorio@banyan.ummed.edu.
43orting a terminal globular domain, in which reside its
eceptor recognition, neuraminidase (NA), and antigenic
ites (Mirza et al., 1993; Thompson et al., 1988). Based on
he conservation in HN of most of the functional residues
f the active site of the influenza neuraminidase, the
lobular domain of HN is predicted to have a b-sheet
ropeller motif similar to that of the influenza protein
Colman et al., 1993; Langedijk et al., 1997).
The F protein is produced as a precursor (Fo), which
ust be cleaved proteolytically to generate a “fusion
eptide” (Homma and Ohuchi, 1973; Scheid and Chop-
in, 1974), the sequence of which is very similar to that in
he influenza HA (Richardson et al., 1980). The extreme
ydrophobicity of this domain requires that it remain
equestered in an aqueous environment. Consistent with
his, circular dichroism studies suggest that just before
he fusion event, the F protein undergoes a conforma-
ional change that exposes the “fusion peptide,” bringing
t into position to mediate penetration of the target mem-
rane (Citovsky et al., 1986; Hsu et al., 1981). It has been
ostulated that the recognition of receptors by HN is the
rigger for this conformational change in the paramyxo-
irus F protein (Lamb, 1993).
The ability of HN and F to complement each another in
he promotion of fusion is under strict type-specific con-
traint. HN and F will combine to induce syncytium for-
ation only if they are derived from homologous, or
ighly homologous, viruses (reviewed in Lamb, 1993).
his led to the hypothesis that homologous HN and F
0042-6822/99 $30.00
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44 DENG ET AL.roteins must interact in a virus-specific manner to pro-
ote fusion (Hu et al., 1992).
Through the analysis of the ability of Newcastle dis-
ase virus (NDV)–human parainfluenza virus 3 (hPIV3)
N chimeras to complement the viral F proteins in the
romotion of fusion, we have shown that F-specificity is
etermined by a segment that includes the transmem-
rane anchor and most of the putative stalk region of its
omologous HN spike (Deng et al., 1995). A similar
omain has been identified in the HN of other paramyxo-
iruses, although the requirement for the transmembrane
egment for specificity is not absolute (Tanayabashi and
ompans, 1996; Tsurodome et al., 1995).
The demonstration of a direct interaction between the
aramyxovirus HN and F proteins has proved difficult.
alvoisin and Wild (1993) were initially able to cross-link
he measles attachment and fusion proteins at the cell
urface. More recently, coimmunoprecipitation (co-IP)
tudies using antiserum to HN, as well as cocapping
xperiments, provided evidence for an interaction be-
ween hPIV2 HN and F proteins at the surface of trans-
ected cells (Yao et al., 1997). Subsequent co-IP and
ross-linking studies provide evidence for an interaction
etween HN and F in NDV-infected cells (Stone-Huls-
ander and Morrison, 1997).
Using a co-IP assay, but no cross-linking agent, we
ave shown that NDV HN and F can be coprecipitated
rom the surface of transfected (and infected) cells, using
monoclonal antibody (mAb) to either protein. A point
utation in the globular domain of HN that abolishes its
eceptor recognition and NA and fusion activities also
bolishes its ability to interact with F in the co-IP assay.
he mechanism by which this mutation might interfere
ith the HN–F interaction is discussed.
Chimeras have also been produced with a set of
verlapping hPIV3 HN-derived sequences in the F-spe-
ific domain in the NDV HN stalk region. These chimeras
re all efficiently expressed and retain receptor binding
unction. However, two are nonfusogenic, which may or
ay not be related to their reduced NA activity. The two
emaining chimeras in the series retain wild-type (WT)
usogenic activity. However, one is only weakly copre-
ipitable with F. This suggests that fusion is still pro-
oted even when the interaction between HN and F is
onsiderably weakened.
RESULTS
o-IP of NDV HN and F by an mAb to F
If NDV HN and F do interact, however transiently, in the
romotion of fusion, the two proteins should be copre-
ipitable from the surface of transfected cells by an
ntibody to either protein. Figure 1A shows immunopre-
ipitates from the surface of BHK cells transiently ex-
ressing vector, NDV HN, or NDV F or coexpressing HN
nd F (lanes 1–4). The precipitating antibody is an mAbo the F protein. Although some proteins are precipitated
onspecifically in these four lanes, a protein, comigrating
ith HN, is present in significant amounts only in the
recipitate from cells coexpressing HN and F. Densito-
etric scanning of these bands from six independent
xperiments reveals that 11.4 6 4.3% of the total HN
o-IP with F. Whereas the cell lysates in the marker lanes
re made with a stronger lysis buffer, this percentage
ould be even greater.
As a negative control, HN and F were independently
ransfected in separate monolayers. The cells were lysed
nd the lysates were combined. When F is immunopre-
ipitated from this mixture, HN does not co-IP with it
lane 5), confirming that the two proteins must be in the
ame membrane to interact and arguing that their asso-
iation is specific.
The F protein exhibits a faster and sharper migration
attern when it is coexpressed with the HN protein
ersus alone (compare lanes 3 and 4 with 7 and 9). This
s due to the effect of the sialidase activity contributed by
DV HN and its removal of sialic acid residues from the
protein (Yao et al., 1997).
FIG. 1. Co-IP of NDV HN and F by an mAb to F. (A) Cells were
ransfected as follows: vector (lane 1), NDV HN (lanes 2 and 6), NDV F
lanes 3 and 7), and NDV HN and F (lanes 4, 8, and 9). In lane 5,
ndependent monolayers were transfected with HN and F and then
ixed. Cells in lanes 1–5 were lysed in dodecylmaltoside and sub-
ected to the co-IP protocol, using antibody to NDV F. Cells in lanes 6–9
ere chased for 90 min, lysed in Triton–DOC buffer, and immunopre-
ipitated with a mixture of HN mAbs (lanes 6 and 8) or the anti-F mAb
lanes 7 and 9) at an SDS concentration of 0.8%. (B) Cells were
ransfected as follows: vector (lane 1), NDV HN (lanes 2 and 7), NDV F
lanes 3 and 8), NDV HN and F (lanes 4, 9, and 10), hPIV3 HN (lanes 5
nd 11), and hPIV3 HN and NDV F (lanes 6 and 12). Cells in lanes 1–6
ere lysed in dodecylmaltoside and subjected to the co-IP protocol,
sing antibody to NDV F. Cells in lanes 7–12 were chased for 90 min,
ysed in Triton–DOC buffer, and immunoprecipitated with a mixture of
N mAbs (lanes 7 and 9), the anti-F mAb (lanes 8 and 10), or antiserum
o hPIV3 (lanes 11 and 12). For lanes 7–10 and 11–12, SDS concentra-
ions of 0.8% and 0.4%, respectively, were used.Figure 1B shows a similar experiment designed to test
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45HN–F INTERACTION IN NDV-INDUCED FUSIONhe specificity of the HN–F interaction. The first four
anes are the same as those in Fig. 1A, again showing
hat NDV HN is coprecipitated with F by an antibody to
he latter. Lane 6 shows an immunoprecipitate from cells
oexpressing NDV F and a heterologous HN protein from
PIV3. HPIV3 HN does not co-IP with NDV F, despite a
omparable level of expression at the cell surface both in
he absence and presence of NDV F (Fig. 1B; lanes 11
nd 12). This suggests that the interaction between NDV
N and F is specific, as reported for the hPIV2 proteins
Yao et al., 1997). The failure to observe increased gel
obility for NDV F when it is coexpressed with hPIV3 HN
compare lane 6 with lanes 3 and 4) is consistent with the
ack of detectable NA activity in cells transiently express-
ng hPIV3 HN, even after overnight incubation with the
ubstrate over a range of pH (data not shown).
o-IP of NDV HN and F by an mAb to HN
Figure 2A shows immunoprecipitates from the surface
f cells transiently expressing vector, NDV HN, or NDV F
r coexpressing HN and F (lanes 1–4). However, in this
xperiment, the precipitating antibody is an mAb to the
N protein, HN4a, which does not inhibit attachment or
usion (Iorio et al., 1992). Although there again is some
FIG. 2. Co-IP of NDV HN and F by an mAb to HN. (A) Cells were
ransfected as follows: vector (lane 1), NDV HN (lanes 2 and 6), NDV F
lanes 3 and 7), and NDV HN and F (lanes 4, 8, and 9). In lane 5,
ndependent monolayers were transfected with HN and F and then
ixed. Cells in lanes 1–5 were lysed in dodecylmaltoside and sub-
ected to the co-IP protocol, using antibody HN4a. Cells in lanes 6–9
ere chased for 90 min, lysed in Triton–DOC buffer, and immunopre-
ipitated with a mixture of HN mAbs (lanes 6 and 8) or the anti-F mAb
lanes 7 and 9) at an SDS concentration of 0.8%. (B) Cells were
ransfected as follows: vector (lane 1), NDV HN (lanes 2 and 8), NDV F
lanes 3 and 9), NDV HN and F (lanes 4, 10, and 11), hPIV3 F (lanes 5
nd 12), and NDV HN and hPIV3 F (lanes 7 and 13). In lane 5,
ndependent monolayers were transfected with HN and F and then
ixed. Cells in lanes 1–7 were lysed in dodecylmaltoside and sub-
ected to the co-IP protocol, using an mAb to NDV HN. Cells in lanes
–13 were chased for 90 min, lysed in Triton–DOC buffer, and immu-
oprecipitated with a mixture of HN mAbs (lanes 8 and 10), the anti-F
Ab (lanes 9 and 11), or antiserum to hPIV3 (lanes 11 and 12). SDS
oncentrations of 0.8% and 0.4% were used for lanes 8–11 and 12 and
e3, respectively.ackground, two bands, corresponding to the uncleaved
Fo) and cleaved (F1) forms of the F protein, are present
n the immunoprecipitate from cells coexpressing HN
nd F (lane 4) but not in that from cells expressing F
lone (lane 3). Thus F is coprecipitated along with HN by
n mAb to the latter, again suggesting that the two
roteins are associated at the cell surface. Densitomet-
ic scanning of these bands in three independent exper-
ments reveals that 13.8 6 6.7% of the total F1 co-IPs with
N. As a control, F is not precipitated by the anti-HN
ntibody from a mixed lysate (lane 5), similar to that in
ig. 1A (lane 5).
Figure 2B (lane 6) shows an immunoprecipitate from
ells coexpressing NDV HN and the heterologous hPIV3
protein with the goal of again confirming the specificity
f the HN–F interaction. The hPIV3 F protein is not
oprecipitated in detectable amounts by the anti-HN
Ab, despite comparable levels of expression in both
he absence (lane 12) and presence (lane 13) of the
eterologous F protein.
The presence of NDV HN in lane 12 is nonspecific.
nlike the other controls (lanes 8–11), which are washed
ith 0.8% SDS, the immunoprecipitates in lanes 12 and
3 are washed with 0.4% SDS because hPIV3 F is not
recipitated at 0.8% SDS. However, NDV HN is precipi-
ated nonspecifically at the lower SDS concentration.
N and F can also be coimmunoprecipitated from
nfected cells by an antibody to either protein
Figure 3 shows immunoprecipitates from infected BHK
ells using antibody to HN (lane 2) or antibody to F (lane
). Proteins comigrating with both F1 and Fo (in marker
ane 6) are present along with HN in the anti-HN immu-
oprecipitate (lane 2). Similarly, in the anti-F immunopre-
ipitate (lane 4), a protein comigrating with HN (in marker
ane 5) is present. Immunoprecipitates from uninfected
ells with both antibodies are included as negative con-
rols (lanes 1 and 3). These results show that HN and F
o-IP from the surface of infected cells using an mAb to
FIG. 3. Co-IP of HN and F from infected cells by an mAb to either
rotein. Uninfected (lanes 1 and 3) or infected (lanes 2 and 4–6) BHK
ells were starved and labeled. The monolayers in lanes 1–4 were
ysed in dodecylmaltoside and subjected to the co-IP protocol, using
ither the anti-HN (lanes 1 and 2) or anti-F (lanes 3 and 4) mAb.
arkers were chased for 90 min, lysed in Triton–DOC, and subjected
o the standard immunoprecipitation protocol, using the anti-HN (lane
) or anti-F (lane 6) antibody and 0.8% SDS.ither protein. Densitometric determinations indicate
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46 DENG ET AL.hat ;27% of the total HN co-IP with F and 31% of the
otal F1 co-IP with HN.
utation of NDV HN residue D198 abolishes receptor
ecognition, fusion, and NA activity
By virtue of its position within hydrogen bonding dis-
ance of the glycosidic oxygen of the substrate (Chong et
l., 1992; Varghese et al., 1992), D151 in the influenza
euraminidase is thought to be important to catalysis.
his residue is highly conserved in the Colman et al.
1993) alignment of the paramyxovirus HN proteins at
osition 198 in the NDV protein. Several amino acid
ubstitutions were introduced for this residue in NDV
N. The effect of each on the cell surface expression,
emadsorption (HAd), fusion, and NA activity of the pro-
ein was determined.
HN proteins carrying arginine (D198R) or glutamic acid
D198E) at this position are expressed at the cell surface
n amounts comparable to the WT protein: 90% and 79%
f WT, respectively. Despite efficient expression, no HAd
ctivity is detectable in monolayers expressing
198R-HN (Fig. 4C). Given the requirement for the recep-
or recognition function of HN in the promotion of fusion,
198R-HN also fails to complement NDV F in the pro-
otion of syncytium formation, as determined by both
isualization of the monolayers (Fig. 4G) and by the
olorimetric fusion assay (data not shown). Monolayers
xpressing D198R-mutated HN are indistinguishable
rom the vector controls (Figs. 4A and 4E) in both assays.
or comparison, Figs. 4B and 4F show the HAd and
FIG. 4. Mutation of NDV HN residue D198 abolishes its HAd and fus
nd E) or transfected with WT NDV HN (B and F), D198R (C and G), or
T NDV F. The monolayers in A–D were assayed for HAd activity using
s decribed previously (Deng et al., 1995). Arrows indicate representausion activities of the WT protein. Substitutions of feucine (D198L) or serine (D198S) at this position also
esult in a protein completely devoid of HAd and fusion
ctivity (data not shown).
Only the conservative substitution of glutamic acid
D198E) at this position results in a protein with even a
etectable level of HAd and fusion activity (Figs. 4D and
H, respectively). However, both are quite minimal: only
% and 7% of WT, respectively. Moreover, none of the
198-mutated proteins, including D198E, has a detect-
ble amount of NA activity at pH 5, 6, 7, or 8.
198R-mutated HN does not co-IP with the
omologous F protein
Next, we tested the effect of mutation of HN residue
198 on the ability of the protein to interact with the
omologous F protein. D198R-mutated HN was coex-
ressed with NDV F in BHK cells. This is a nonfusogenic
ombination, presumably due to the lack of receptor-
ecognition activity of the HN mutant. The anti-F mAb,
hich efficiently co-IPs HN from cells coexpressing the
T proteins, fails to co-IP the D198R-mutated, receptor-
inding deficient form of HN from the surface of cells in
hich it is coexpressed with F (Fig. 5, lane 8). A control
mmunoprecipitate from similarly coexpressing cells
hows that D198R-HN can be efficiently immunoprecipi-
ated with antibody to HN from the surface of these cells
lane 13). This proves that the inability of the F mAb to
o-IP the receptor-binding deficient protein is not due to
defect in the expression of the protein.
Although D198E-HN does exhibit minimal HAd and
moting activity. BHK cell monolayers were either mock-transfected (A
mutated HN (D and H). Monolayers E–H were also cotransfected with
a pig erythrocytes. Those in E–H were stained for syncytium fomation
adsorbing spots (A–D) or syncytia (E–H).ion-pro
D198E-
guineusion activity (Figs. 4D and 4H), it also cannot be de-
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47HN–F INTERACTION IN NDV-INDUCED FUSIONected in a co-IP assay with NDV F from the surface of
ells in which the two proteins are coexpressed (Fig. 5,
ane 6), again despite efficient expression (lane 12). This
s, perhaps, not surprising, given the minimal extent of
usion resulting from this combination. The association
etween the two proteins is very likely below the level of
etection of the co-IP protocol.
nhanced immunoprecipitation of F from fusing
onolayers
The results in Fig. 1 suggest that NDV F is more
fficiently immunoprecipitated in the presence of the
omologous HN protein. On the other hand, the amount
f HN precipitated appears to be relatively unaffected by
oexpression with F (Fig. 2). Although neither protein is
recipitated quantitatively in these experiments, the re-
ults suggest that the precipitation of F, but perhaps not
N, is enhanced by coexpression of the two proteins. To
nvestigate this phenomenon further, we quantitatively
ompared the amount of the two proteins immunopre-
ipitated from cells expressing various combinations of
N and F, both fusogenic and nonfusogenic, using a
aturating amount of antibody.
To produce a nonfusogenic NDV F protein, a cleavage
ite mutant (csm) form of the protein was prepared by the
ntroduction of R112G and K115G substitutions. These
ubstitutions result in a protease cleavage site that cor-
esponds to those in avirulent isolates of the virus, which
equire the addition of trypsin for activation (Glickman et
l., 1988). The lack of cleavage of the protein was con-
irmed by immunoprecipitation and SDS–PAGE analysis
Fig. 6). The WT NDV F exists in both the uncleaved (Fo)
nd cleaved (F1) forms at the surface of BHK cells (lanes
and 2). However, F1 is almost undetectable in the csm
immunoprecipitates (lanes 3 and 4). Only when the
onolayer (lanes 5 and 6) or the immunoprecipitated
rotein itself (lanes 7 and 8) is treated with trypsin is the
leaved form present in significant amounts. As dis-
ussed, the faster migration of F in the presence of HN
FIG. 5. D198E and D198R-HN fail to co-IP with WT NDV F. Cells were
ransfected as follows: vector (lane 1), NDV HN (lane 2), NDV F (lanes
and 9), NDV HN and F (lanes 4, 10, and 11), D198E-HN (lane 5),
198E-HN and NDV F (lanes 6 and 12), D198R-HN (lane 7), and
198R-HN and NDV F (lanes 8 and 13). Cells in lanes 1–8 were lysed
n dodecylmaltoside and subjected to the co-IP protocol, using anti-
ody to NDV F. Cells in lanes 9–13 were chased for 90 min, lysed in
riton–DOC buffer, and immunoprecipitated with the F mAb (lanes 9
nd 10) or a mixture of HN mAbs (lanes 11–13) for straight immuno-
recipitation.s due to the NA activity of the latter. eFigure 7A (lanes 1–4) shows the effect of coexpression
ith different F proteins on the amount of HN precipita-
le from the cell surface. HN was expressed alone (lane
) or coexpressed with either WT NDV F (lane 2), csm F
lane 3), or the heterologous hPIV3 F (lane 4) and chased
o the cell surface. Quantification of the amount of HN
mmunoprecipitated in five independent experiments re-
eals that the amount of HN brought down is unaffected
y coexpression with any of the F proteins (Fig. 8A).
ecause only the monolayer coexpressing the WT HN–F
ombination (Fig. 7A, lane 2) exhibits fusion, it appears
hat the extent of fusion does not affect the amount of HN
recipitable from the surface of the monolayer.
In Fig. 7A, lanes 5–8 show a comparable experiment in
hich NDV F is expressed either alone (lane 5) or with
ne of several different HN proteins: WT HN (lane 6),
198R-HN (lane 7), or hPIV3 HN (lane 8). The amount of
FIG. 6. A csm of NDV F. Cells were transfected as follows: NDV HN
nd F (lane 1), NDV F (lane 2), csm F (lanes 3, 5, and 7), csm F, and NDV
N (lanes 4, 6, and 8). After starvation, labeling, and chase, the
onolayers in lanes 5 and 6 were treated for 15 min with 0.05% trypsin
nd 0.53 mM EDTA. Cells were lysed in Triton–DOC, and F or csm F
as immunoprecipitated using the anti-F mAb. The immunoprecipi-
ates from lysates in lanes 7 and 8 were treated with trypsin–EDTA.
FIG. 7. Precipitation of HN, F, or csm F from the surface of monolay-
rs expressing different HN–F combinations. Cells were transfected as
ollows: in lanes 1–4, cells express NDV HN either alone (lane 1) or with
DV F (lane 2), csmF (lane 3), or hPIV3 F (lane 4); in lanes 5–8, cells
xpress NDV F either alone (lane 5) or with NDV HN (lane 6), D198R-HN
lane 7), or hPIV3 HN (lane 8); and lanes 9–12 express csm F either
lone (lane 9) or with NDV HN (lane 10), D198R-HN (lane 11,) or hPIV3
N (lane 12). At 16 h post-transfection, monolayers were starved and
abeled, and the HN and F proteins were chased to the cell surface.
ells were lysed in Triton–DOC. (A) Lanes 1–4, HN was immunopre-
ipitated with a mixture of mAbs specific for it. For lanes 5–12, F or csm
was immunoprecipitated from monolayers using an anti-F mAb. (B)
n aliquot removed from each lysate, before the addition of antibody,
as assayed by Western blot to quantify cellular actin as a means of
nsuring that equivalent amounts of lysate are being compared.
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48 DENG ET AL.precipitated is greatly enhanced by coexpression with
T HN (lane 6), relative to that when it is expressed
ither alone (lane 5), with the attachment-deficient
198R-HN (lane 7), or with the heterologous hPIV3 HN
rotein (lane 8). Among these, only the HN–F combina-
ion (lane 6) is fusogenic.
Densitometric analysis of four independent experi-
ents reveals that the amount of Fo and F1 immunopre-
ipitated from the surface is increased .6-fold and .5-
old, respectively, by coexpression with WT HN com-
ared with when F is expressed alone. On the contrary,
recipitation of F is increased by less than half, and
recipitation of Fo is increased by even less, through
oexpression with either the attachment-deficient or het-
rologous HN (Fig. 8B).
To determine whether the increase in precipitation
f F is related to the fusion state of the monolayer, we
erformed the same experiment but with NDV F re-
laced by the csm F form of the protein (Fig. 7A, lanes
–12). None of the monolayers in this experiment ex-
ibit fusion. At the surface of these cells, the amount of
sm F precipitated in the presence of WT NDV HN
lane 10), D198R-HN (lane 11), or hPIV3 HN (lane 12) is
ncreased by less than half over that precipitated from
ells expressing csm F alone (lane 9) (Fig. 8B). Thus
sm F, presumably identical to Fo in lanes 5–8, does
ot exhibit a dramatic increase at the cell surface
hen coexpressed with HN.
Figure 7B shows a Western blot in which an aliquot
rom each lysate in Fig. 7A was probed with antibody to
ctin. The presence of comparable amounts of this pro-
ein in each lane ensures that equivalent amounts of
FIG. 8. Quantification of the amount of HN and F precipitated from t
urface of cells coexpressing HN with F, csm F, or hPIV3F, each relativ
he data are the result of at least three independent experiments
mmunoprecipitated from the surface of cells coexpressing NDV F (fo
elative to the amount obtained when F is expressed alone, which is s
s shown in Fig. 7 (lanes 5–8).ach lysate are being compared. autation of the F-specific domain in NDV HN
roduces nonfusogenic NDV HN proteins that retain
eceptor recognition activity
We next attempted to produce an NDV HN protein that
as intact receptor recognition activity but fails to com-
lement the homologous F protein in the promotion of
usion. To produce such an HN protein, a series of
himeras was constructed in which overlapping domains
n a nonconserved region in the F-specific segment of
DV HN (Deng et al., 1995) were replaced by the corre-
ponding sequence in hPIV3 HN, according to the Col-
an alignment of the two proteins (Colman et al., 1993).
To eliminate an effect resulting from coexpression with
(Tanaka et al., 1996), the cell surface expression, HAd,
nd NA of each of the NDV-hPIV3 HN chimeras was
etermined by FACS analysis in both the presence and
he absence of csm F. The use of csm F eliminates
otential variability that may result from the comparison
f fusing and nonfusing monolayers.
In chimera ND75-78P, NDV HN residues 75-GSNQ-78
ere replaced by the corresponding residues in the
PIV3 HN (80-IQMA-83). This construct was chosen be-
ause the reciprocal chimera fails to complement hPIV3
in fusion (data not shown). However, ND75-78P retains
T levels of receptor recognition and NA and fusion
ctivities (Table 1). When the hPIV3-derived sequence in
his chimera was extended C-terminally, the resulting
himera, ND75-82P, was also functionally indistinguish-
ble from WT HN (Table 1).
Thus the hPIV3-derived domain in chimera ND75-82P
as extended both N-terminally, in chimera ND68-82P,
nd C-terminally, in chimera ND75-90P. Both chimeras
surface. (A) Average amount of HN immunoprecipitated from the cell
amount obtained when HN is expressed alone, which is set at unity.
wn in Fig. 7 (lanes 1–4). (B) Average amount of F1, Fo, or csm F
d Fo) or csm F with HN, D198R-HN, or hPIV3 HN. Each is expressed
nity. The data are the result of at least four independent experimentshe cell
e to the
as sho
r F1 an
et at ure efficiently expressed and retain receptor recognition
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49HN–F INTERACTION IN NDV-INDUCED FUSIONctivity (Table 1). However, using the reporter gene as-
ay, fusion is barely detectable in monolayers in which
ither chimera is coexpressed with either proteolytically
ctivated csm F (Table 1) or WT NDV F (data not shown).
Both of the nonfusogenic chimeras exhibit markedly
educed NA activity: only 0.13 relative to WT (Table 1).
he substitutions in these chimeras are in the stalk
egment, quite removed from the NA active site in the
erminal globular domain. Still, the mutations exert a
eleterious effect on NA activity. The simplest explana-
ion for this observation is that the changes in the stalk
egion cause a subtle conformational change in the
tructure of the globular head of the protein, which in-
erferes with its fusion-related activities. Such a confor-
ational change would not be detectable by the FACS
nalysis used to quantify cell surface expression be-
ause we use a mixture of several mAbs.
To probe the conformation of the chimeric proteins,
even individual FACS analyses with an mAb specific for
ach of the sites on HN were performed for each chi-
era. All four chimeras were recognized by each of the
ntibodies at a level comparable to WT HN (data not
hown). Thus if there is a change in HN structure, it is
ndetected by our panel of predominantly conformation-
ependent mAbs. Recognition by antibody to site 23 is
specially noteworthy because previous results suggest
hat it overlaps the NA active site (Iorio et al., 1989b, 1991;
orio and Glickman, 1992; Mahon et al., 1995).
o-IP of HN chimeras with NDV F
To further explore the relationship between fusogenic-
ty and the HN–F interaction, each of the NDV-hPIV3 HN
T
Functional Profile
Chimera Cell surfacea alone/1csm F
ND75-78P 1.06 6 0.11/1.38 6 0.09
ND75-82P 0.95 6 0.01/1.11 6 0.16
ND75-90P 0.95 6 0.13/0.76 6 0.10
ND68-82P 0.91 6 0.07/1.15 6 0.06
a Relative to WT NDV HN, expressed alone or with csm F.
b Relative to WT NDV HN, all coexpressed with csm F.
c Relative to WT NDV HN, coexpressed with csm F and corrected fo
FIG. 9. Co-IP of F and NDV-hPIV3 HN chimeras. Cells were transfect
nd csm F (lanes 4, 13, and 14), ND75-78P (lane 5), ND75-78P and csm
75-90P (lane 9), ND75-90P and csm F (lanes 10 and 17), ND68-82P (la
ysed in dodecylmaltoside and subjected to the co-IP protocol, using
riton–DOC buffer, and immunoprecipitated with the F mAb (lane 13) or a mixtalk chimeras was assayed for co-IP with NDV F by an
ntibody to the latter (Fig. 9). Again, to avoid comparing
o-IP from fusing and nonfusing monolayers, we used
he csm F protein in these experiments. As a positive
ontrol, the WT HN protein is efficiently coprecipitated
ith this uncleaved form of F (Fig. 9, lane 4), consistent
ith earlier studies with an avirulent strain of NDV
Stone-Hulslander and Morrison, 1997).
The fusogenic chimera ND75-78P is coprecipitated
uite efficiently by antibody to F (Fig. 9, lane 6). Chimeras
D68-82P and ND75-90P are barely detectable in their
espective F precipitates (lanes 10 and 12), despite effi-
ient expression at the cell surface (lanes 17 and 18).
hus, their failure to co-IP is consistent with their lack of
usogenic activity.
However, co-IP of the chimera ND75-82P (lane 8) does
ot correlate with its fusion phenotype. This chimera
xhibits WT fusion activity, yet is only very weakly copre-
ipitated with F. Thus for this chimera, a significant re-
uction in the amount of HN coprecipitated by an anti-
ody to F has no effect on the extent of fusion.
DISCUSSION
Recent evidence strongly suggests that the HN-de-
endent, F-mediated mode of paramyxovirus-induced fu-
ion involves a direct interaction between the two protein
pike structures. The existence of such an interaction is
upported by the demonstration that the hPIV2 HN and F
lycoproteins can be coimmunoprecipitated from trans-
ected cells with an antiserum to HN (Yao et al., 1997).
imilarly, the measles and NDV proteins have been co-
recipitated and/or cross-linked, although only in in-
-hPIV3 Chimeras
Adb NAc Fusionb
6 0.29 1.23 6 0.28 0.81 6 0.29
6 0.15 1.07 6 0.21 1.07 6 0.21
6 0.16 0.13 6 0.04 0.02 6 0.00
6 0.14 0.13 6 0.05 0.03 6 0.01
ences in transfection efficiency and cell surface expression.
ollows: vector (lane 1), NDV HN (lane 2), csm NDV F (lane 3), NDV HN
s 6 and 15), ND75-82P (lane 7), ND75-82P and csm F (lanes 8 and 16),
and ND68-82P and csm F (lanes 12 and 18). Cells in lanes 1–12 were
dy to NDV F. Cells in lanes 13–18 were chased for 90 min, lysed inABLE 1
of NDV
H
1.30
1.14
0.92
1.00ed as f
F (lane
ne 11),
antiboture of HN mAbs (lanes 14–18) as markers.
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50 DENG ET AL.ected cells (Malvoisin and Wild, 1993; Stone-Hulslander
nd Morrison, 1997).
We have now shown that it is also possible to effi-
iently co-IP NDV HN and F from the surface of trans-
ected cells with an antibody to either protein. HN and F
o not co-IP when lysates of cells independently ex-
ressing the two proteins are mixed together. This ar-
ues against an artifactual basis for the co-IP. Moreover,
he ability to co-IP the two proteins at the surface of
nfected cells using the same protocol establishes the
elevance of these findings to the natural infection. Al-
hough there is relatively more Fo coprecipitated with
ntibody to HN in transfected compared with infected
ells, this simply may be a result of differences in the
elative levels of expression of HN and F in the two
ystems. For example, in hPIV1-infected cells, the
mount of the F protein synthesized is kept low (15% of
N) through transcriptional control (Bousse et al., 1997).
n the absence of this control, the presence of more F in
he transfected cell may skew the amount of the cleaved/
ncleaved forms of F associated with HN.
In cells coexpressing HN and F proteins derived from
eterologous viruses, mAbs to NDV HN or F fail to co-IP
he heterologous F or HN protein, respectively, although
ach protein is efficiently expressed at the cell surface.
hus our findings also support the original prediction of
u et al., (1992) and agree with earlier co-IP studies (Yao
t al., 1997) that the HN–F interaction is virus specific.
The demonstration of an interaction between NDV HN
nd F in a transient expression system makes possible
nalyses of the effect of site-directed mutations in either
rotein on their interaction with each other. Using the
o-IP assay, we have explored the relationship between
N recognition of receptors and its ability to interact with
. It has been proposed that syncytium formation is
nitiated by attachment to sialic acid-containing recep-
ors on the target cell by the receptor recognition site in
he terminal globular domain of HN (reviewed in Lamb,
993). This is proposed to induce a conformational
hange in HN, triggering an interaction with F. This in-
eraction in turn induces a conformational change in F,
onverting it to its fusogenic form and initiating fusion.
his model is consistent with the inability to cross-link
N and F in Sendai and NDV virions (Markwell and Fox,
980).
However, this sequence of events is incompatible with
he results of another study of the paramyxovirus HN–F
nteraction. On the basis of co-IP and cross-linking stud-
es in infected cells, Stone-Hulslander and Morrison
1997) concluded that NDV HN and F interact in the
ough endoplasmic reticulum (ER), obviously indepen-
ent of receptor recognition activity. Further, it was sug-
ested that this complex may serve to maintain the two
roteins in a prefusion state. When HN binds to recep-
ors, it triggers a conformational change in F without
mmediately dissociating from it. This is consistent with mn earlier demonstration that a membrane anchor-less
PIV3 F protein, having a C-terminal ER retention signal,
own-regulates surface expression of the homologous,
s well as heterologous, HN proteins (Tanaka et al.,
996).
However, other retention mutants dispute the claim
hat HN and F are associated at this early stage of the
ransport process. SV5 or hPIV3 F proteins tagged for ER
etention with a KK motif near the C-terminus do not
ffect transport of the homotypic HN protein. Similarly,
he corresponding HN proteins tagged for ER retention
ith a multiple arginine motif near the N-terminus do not
ffect transport of the homologous F proteins (Paterson
t al., 1997). These results are incompatible with an
ntracellular HN–F association, at least one strong
nough to result in retention of the untagged protein.
The phenotype of D198R-mutated HN addresses the
elationship between receptor binding and the HN–F
nteraction. If HN and F interact before receptor recog-
ition, even an attachment-deficient, nonfusogenic HN
rotein should co-IP with F. However, D198R-HN lacks
eceptor recognition activity, fails to co-IP with F, and is
onfusogenic. This is the expected result if HN recogni-
ion of receptors does, indeed, trigger both its interaction
ith F and fusion.
Still, the possibility cannot strictly be eliminated that
he inability of D198R-HN to co-IP F is totally unrelated to
ts loss of receptor recognition activity. To address this
ssue, one would like to understand the basis for the loss
y HN of receptor-binding activity. Residue D198 resides
mong several residues between 193 and 203 in anti-
enic site 23, the mutation of which affects the attach-
ent and/or NA activity of HN (Iorio et al., 1989b; Iorio
nd Glickman, 1992; Mahon et al., 1995). This suggests
hat residue D198, antigenic site 23, attachment, and NA
ctivities of HN are all closely linked.
However, it does seem rather unlikely that this residue
s directly involved in binding sialic acid. When the same
ubstitution is introduced for the corresponding residue
D216) in hPIV3 HN, the protein retains significant HAd
nd fusion activity (data not shown), similar to a mutant
irus, which carries a D216N mutation (Huberman et al.,
995). Thus unless the structures of the receptor recog-
ition sites of the two proteins differ significantly, there
ay be another explanation for the loss of receptor
ecognition activity in D198-mutated NDV HN.
The properties of this protein may be analogous to
hose of the fowl plague HA (Ohuchi et al., 1995). In this
ystem, the NA was required to desialate glycosyl moi-
ties in the region of the receptor binding site of the
rotein, keeping it free to bind receptors. Even though
he molecular structure of HN has not been solved, it will
e informative to correlate the presence of individual
lycosyl moieties on D198R-mutated HN with its failure
o bind receptors. In any event, it is clear that if the D198R
utation does alter the structure of HN, it must do so in
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51HN–F INTERACTION IN NDV-INDUCED FUSIONvery subtle way. A panel of predominantly conforma-
ion-specific antibodies still recognizes the protein.
The failure of D198R-HN to co-IP with F addresses two
dditional points. First, it argues strongly against the
ossibility that co-IP of HN and F is due to the formation
f micelles. If this were the case, any HN protein, present
t the cell surface in amounts comparable to WT HN, as
s D198R-HN, should co-IP with F. Second, the failure to
emonstrate co-IP of this protein with F suggests that the
o-IP is not an artifact related to the use of transfected
ells in general or the vaccinia expression system in
articular. This is significant because it has been noted
hat the vaccinia expression system is the only one with
hich co-IP has been demonstrated (Stone-Hulslander
nd Morrison, 1997).
We have previously shown that specificity for the NDV
protein is mediated by determinants defined by the
talk segment in the ectodomain of its HN protein (Deng
t al., 1995). Here, we have shown that mutations in this
omain in HN can also interfere with the ability of HN to
nteract with F. Obviously, the most straightforward ex-
lanation for this is that the altered domains include
esidues in HN that directly contact a complementary
omain on the F protein. This is an especially attractive
ypothesis for the ND75-90P chimera, in which the hPIV3
ubstitutions extend into a leucine zipper motif, previ-
usly proposed to mediate the interaction with F (Sergel
t al., 1993). The fact that this chimera so poorly co-IPs
ith F is consistent with this.
However, it remains to be explained how chimera
D75-82P can retain full fusogenic activity, even though
t is also poorly coprecipitable with F. This raises the
ossibility that it may be possible for HN and F to pro-
ote fusion by a mechanism that does not depend on an
nteraction between the two proteins. However, because
his chimera represents a transition between the fuso-
enic ND75-78P, which co-IPs well with F, and the non-
usogenic ND75-90P, which co-IPs with F very poorly, it
eems more likely that this chimera may interact with F
ven more transiently than the WT protein. Its associa-
ion with F might be strong enough to still induce the
onformational change in F but not strong enough to
ithstand the co-IP protocol. In any event, the properties
f this chimera suggest that fusogenic activity can per-
ist even in the absence of a demonstrably strong HN–F
nteraction.
Two nonfusogenic chimeras in the series, ND68-82P
nd ND75-90P, also exhibit markedly reduced NA activity.
his is consistent with our previous demonstration that
he structure of the stalk of HN affects its NA but not
eceptor recognition activity (Deng et al., 1997). Most
mportantly, it appears unlikely that the loss of fusogenic
ctivity of these proteins is causally related to their di-
inished NA activity. Site-directed mutants of NDV HN
arrying substitutions in a highly conserved domain have
A activities an order of magnitude lower than that of phese two chimeras, yet efficiently complement F in pro-
oting fusion (Mirza et al., 1994). The reduced NA activity
f these chimeras may be indicative of a subtle change
n the conformation of the globular domain of the protein,
hanges that we cannot detect with our panel of mAbs
ut which could nonetheless interfere with fusion by a
echanism other than directly blocking the HN–F inter-
ction.
The finding that F, but not HN, is consistently precipi-
ated in higher amounts from fusing monolayers in which
t is coexpressed with HN might potentially be explained
n several ways. First, it may be related merely to the
articular F mAb used; perhaps this particular mAb rec-
gnizes F more efficiently after it is bound to HN. If this
s so, it would appear to be a general phenomenon
ecause another anti-F mAb to a different site and a
olyclonal anti-NDV serum gave the same results (data
ot shown).
Second, F may be transported to the cell surface more
fficiently when it is coexpressed with HN. This is an
specially attractive hypothesis in terms of the proposal
hat the two proteins are associated throughout the
ransport process (Stone-Hulslander and Morrison,
997). However, the finding that the amount of cell sur-
ace csm F, which also interacts with HN, is unaffected
y coexpression with HN argues against this possibility.
The third possibility is based, not on differences in the
mount, or antigenic structure, of F at the cell surface but
ather on the fusion state of the monolayer. It seems a
trong possibility that in fusion, F aggregates to form
ore complexes, analogous to the influenza HA (Ellens et
l., 1990). The association of F molecules in these com-
lexes would result in an enhanced immunoprecipitation
f the protein in fusing versus nonfusing monolayers, as
e have described. Indeed, the 5- to 6-fold increase may
e indicative of the size of the F complexes. It remains to
e shown whether this phenomenon can be extended to
ther paramyxoviruses.
MATERIALS AND METHODS
ecombinant plasmid vectors and site-directed
utagenesis
The construction of the NDV (Australia-Victoria isolate)
Bluescript SK(1) (Stratagene Cloning Systems, La Jolla,
A) HN and F expression vectors has been described
reviously (Deng et al., 1995; Mirza et al., 1994). Site-
irected mutagenesis was performed as described pre-
iously (Deng et al., 1994), using oligonucleotide primers
btained from Bio-Synthesis, Inc. (Lewisville, TX). Substi-
utions for residue D198 were introduced with primers
orresponding to nucleotides 582–603 in the HN gene
ith the D198 codon (GAC) mismatched as follows:
198E (GAA), D198L (CTC), D198R (CGC), and D198S
TCC). The csm form of F was prepared with a mutagenic
rimer corresponding to nucleotides 362–406 in the F
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52 DENG ET AL.ene with the R112 (AGG) and K115 (AAA) codons mis-
atched as follows: R112G (GGG) and K115G (GGA).
creening was facilitated by the introduction of an EheI
ite.
The presence of the desired mutation was verified by
equencing of double-stranded DNA, using the Seque-
ase Plasmid Sequencing Kit (United States Biochemi-
al, Cleveland, OH), according to protocols provided by
he company. Multiple clones were characterized for
ach mutation.
onstruction of chimeric HN genes
The ND75-78P chimera was constructed by changing
mino acid residues 75–78 from the sequence in NDV
N (75-GSNQ-78) to the corresponding sequence in
PIV3 HN (80-IQMA-83), according to the alignment of
he two proteins described by Colman et al. (1993), using
BSK-NDV-HN as template and a chimeric oligonucleo-
ide primer [NDV (201–222)-hPIV3 (238–249)-NDV (235–
63)]. Screening was facilitated by a silent mutation that
ntroduced a BsaHI site.
In chimera ND75-82P, NDV HN amino acids 75–
SNQDVVD-82 were changed to the corresponding res-
dues in hPIV3 HN 80-IQMASDNI-87, using ND75-78P as
template and the chimeric oligonucleotide primer [NDV
217–222)-hPIV3 (238–261)-NDV (247–265)]. Screening
as facilitated both by loss of the BsaHI site previously
ntroduced into ND75-78P and by addition of an SspI site
n the hPIV3-derived sequence.
In chimera ND75-90P, NDV HN amino acids 75-GSNQD-
VDRIYKQVAL-90 were changed to the corresponding
esidues in hPIV3 HN (80-IQMASDNINDLIQSGV-95), us-
ng ND75-82P as a template and the chimeric oligonu-
leotide primer [hPIV3 (240–285)-NDV (271–289)]. Screen-
ng was facilitated by a silent mutation that introduced a
spEI site.
In chimera ND68-82P, NDV HN amino acids 68-EKIT-
ALGSNQDVVD-82 were changed to the corresponding
esidues in hPIV3 HN (73-FMEVTEKIQMASDNI-87), us-
ng ND75-82P as a template and the primer [NDV (178–
99)-hPIV3 (215–261)-NDV (247–249)]. Screening was fa-
ilitated by the addition of an EcoRI site.
ransient expression system and quantification of cell
urface HN
HN and F proteins were co-expressed in BHK-21 cells
sing the T7 RNA polymerase expression system (Fuerst
t al., 1986). Maintenance of cells, infection with vaccinia,
nd transfection were performed as described previ-
usly (Deng et al., 1995), except that 1 mg of each plas-
id was used per 35-mm well. Transfection efficiency
nd cell surface expression were quantified by FACS
nalysis, using a mixture of mAbs specific for at least five
ifferent sites on the globular head of NDV HN (Iorio et
l., 1989a, 1991). 1Ad and NA
HAd activity of HN proteins was determined by the
bility of the expressed protein to adsorb guinea pig
rythrocytes (Crane Laboratories, Syracuse, NY). HN-
xpressing monolayers were incubated for 20 min in the
old with a 2% suspension of erythrocytes in phosphate-
uffered saline (PBS), supplemented with 1% CaCl2 and
gCl2. After extensive washing, adsorbed erythrocytes
ere lysed in 50 mM NH4Cl. The lysate was clarified by
entrifugation, and HAd was quantified by determination
f the A540. Background obtained with cells expressing
he vector alone was subtracted.
NA activity of HN at the cell surface was determined
s described previously (Mirza et al., 1994) on duplicate
ransfected monolayers incubated for 1 h at 37°C with
25 mg of neuraminlactose (Sigma Chemical Co., St.
ouis, MO) in 0.5 ml of 0.1 M sodium acetate (pH 6). The
mount of sialic acid released was corrected for differ-
nces in transfection efficiency and cell surface expres-
ion.
eporter gene assay for fusion
The ability of HN proteins to promote fusion with either
T or csm NDV F was quantified by a modification of the
eporter gene method described by Nussbaum et al.
1994) and Bagai and Lamb (1993). A monolayer of BHK
ells (seeded 1 day earlier at 4 3 105 cells/35-mm plate)
as infected with the vTF7–3 vaccinia recombinant
Fuerst et al., 1986) and cotransfected with the desired
N and F genes. A second monolayer was infected with
T vaccinia (m.o.i. 5 10) and transfected with 1 mg of the
lasmid pG1NT7b-gal (Nussbaum et al., 1994). After 16 h,
ells were removed from the wells by trypsinization
0.05% trypsin, 0.53 mM EDTA), which also cleaves and
ctivates csm F. The cells were washed with Dulbecco’s
odified Eagle’s medium (DMEM), pelleted, and resus-
ended in 0.8 ml of BHK medium (Deng et al., 1994).
Equal numbers (1 3 105) of the two populations, each
n 0.1 ml, were combined in duplicate wells of a 96-well
lat-bottom plate. After 5 h in a 37°C incubator, the cells
ere lysed by the addition of 10 ml of 10% Nonidet-P40 at
oom temperature for 30 min. Then, 50 ml of the super-
atant from each well was withdrawn and mixed with an
qual volume of 16 mM CPRG (chlorophenol red-b-D-
alactopyranoside). After incubation for 20 min at room
emperature, the extent of fusion was quantified by de-
ermination of the absorbance at 570 nm, using an au-
omated ELISA reader, with background obtained with
ells expressing the appropriate form of F alone sub-
racted.
mmunoprecipitation and Western blots
At 22 h post-transfection, BHK cells were starved for
h at 37°C in DMEM without cystine and methionine
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53HN–F INTERACTION IN NDV-INDUCED FUSIONSigma), supplemented with 7% dialyzed fetal calf serum,
onessential amino acids, vitamins, L-glutamine (2 mM),
odium bicarbonate (0.2%), penicillin, streptomycin, and
entamicin. After starvation, the cells were labeled for 3h
t 37°C with 1 ml of the same medium containing 100
Ci/ml EXPRE35S35S Labeling mix (Dupont-New England
uclear, Boston, MA) and chased for 90 min. After lysis
n PBS containing 1% Triton X-100, 0.5% deoxycholate
DOC), and 1 mM phenylmethylsulfonyl fluoride, HN or F
as immunoprecipitated with a mixture of mAbs specific
or either protein. Immunoprecipitates were collected
sing Ultralink Immobilized Protein A Plus (Pierce, Rock-
ord, IL) and displayed on SDS–PAGE (Mirza et al., 1993).
When it was necessary to establish that equivalent
mounts of extract were subjected to immunoprecipita-
ion, the amount of actin in an aliquot of each cell lysate
as quantified by Western blotting (Iorio et al., 1991),
sing an antibody obtained from Sigma Chemical.
oimmunoprecipitation
Infected BHK cells were assayed 10 h after infection
ith the Australia-Victoria strain of NDV at an m.o.i. of 0.1.
ransfected cells were assayed at 16 h post-transfection.
onolayers consisting of equal numbers of cells were
tarved and labeled (3 h) as described above. Cell sur-
ace HN and F proteins were biotinylated and assayed
or co-IP with an mAb to either protein as described by
ao et al. (1997) using 0.5% dodecylmaltoside (Boeh-
inger-Mannheim, Indianapolis, IN) as detergent. Given
he goal of displaying marker proteins as cleanly as
ossible, these monolayers were lysed in a stronger
ysis buffer, containing PBS, 1% Triton X-100, 0.5% DOC,
nd 1 mM phenylmethylsulfonyl fluoride and washed
ith a buffer containing 0.4 (hPIV3 proteins) or 0.8% (NDV
roteins) SDS. Immunoprecipitates were displayed on
DS–PAGE and bands quantified using a BioRad Fluor-S
ulti-Imager (Hercules, CA).
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